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1. 0 INTRODUCTION AND OBJECT OF REPORT 

The OCE program to develop design criteria for protection of NIKE-X 

power plant and facilities against NEMP has entailed a diverse testing pro-
, . 

gram in support of the criteria effort. One phase of this testing effort 

entailed the evaluation of the shielding effectiveness of various metal 

raceways fer electrical wiring such as conduits, etc. This report will 

summarize the pertinent results of this phase of the testing program which 

have direct applicability in the Jl March 1967 status Report. 

The material for t hi s summacy report hes been taken from three sources: 
11Conductor Voltages Caused by Pulse Curr ents Flowing in a steel Conduit, 

Part I" dated 5 August 1965; Part II of this series reported 5 January 1966; 

and a Technical Memorandum on the same subject reported JO June 1967. 

2. 0 EXPERIMENT OBJECTIVES 

'l'he purposes of these experiments were: 

a. to obtain data on the relationship between the pulse current fl011-

ing in a conduit and the resultant pulse voltage generated on 

wiring within the conduit, 

b. to ccmpare the time respo:nse wave form of the applied current to 

the resultant voltage time respor...se wave form measured on the 

conductors, 

c. to determine the influence of such factors as conduit joints, bends, 

diameter, wall thiclmess, length, material, etc. on induced conduc­

tor voltages within the 0onduit, 

d. to determine the degradation i n shielding effectiveness of rigid 
steel conduit when used i n eonjt•nction with flexible bellows, 

e. to determi ne the comparat ive shleldir.g effectiveness between alumi­

num armored pow-er cable and rigid steel conduit, 

r. to correlate the induced voltage wave forms from injected pulse cur­

rent i n conduit and H- field produced pulse current. 
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J.O TEST AREA AND SETUP 

The tests described in this report were made in two different test 

areas. One area was unshielded requiring the instrumentation to be housed 

in a shielded cage. The other area was canpletely shielded with the instru­

mentation outside the shielded area. The instrumentation noise level of the 

two testing techniques was similar because in either case the measuring sys­

tem shielding is similar. The measurement system and its shielding is shown 

in Figure 1 and Figure 2. For conductor-to-conduit tests the measuring im­

pedance was 75 ohms; for conductor-to-conductor tests the measuring impedance 

between conductors was 100 ohms. 
J.l Injected Current Tests 

For these tests the current generator was directly connected to the con­

duit configuration under tests and the pulse current was forced to flow on 

the conduit to ground. The generator-to-conduit connection was made by 

several pieces of braid fastened more or leos unifo~ around the conduit 

to equalize the current distribution around the condait at the poini. of in­

jection. At the ground end of tlr, conduH, a metal connection box was in­

serted for ease in changing conductor connections. The conduit waa grounded 

in an area several inches above the connection box by several pieces or 

braid connected to a metal ground plane (for some tests copper; !'or others 

aluminum) which was in turn connected to the building counterpoise system. 

The metal ground plane covered the canplete test area. The various conduit 

configurations used to the injected current tests are shown in Figures J 

and 7. Figure 7 is described later : .!'1 the report. 

J.2 H-field Tests 

For these tests a conduit loop was placed in an H-field environment 

causing an induced current to tlow on the conduit. The resultant induced 

voltage developed on conductors inside the conduit was measured. The t,est 

setup is shown in Figure 4. 
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The actual H-:tfold inside and outside the .radiating loop was measured 

by means of an H-field transdu.:oero 'I'he transducer and its connecting cir­

cuitry are shev.;Tl in Figure 5. 

J.J Current Wave Shapes 

J.J.l Pulse Current 

In all tests where the pulse current was supplied by the pulse current 

generatorll an applied pulse c·:.ITre!1t wavE: havi.r..g rise times bet.ween 0.9 and 

1. J microseconds a::.d ta.:i'l. t foit=s betweeri JO and 35 µsec was used. The cur­

rent wave measurement was made with a 0.036 oh..lll shunt in series with the 

conduit and all other grounds removed, Typical cscillogrems are shown in 

Figure 6. The current throughout the tests was monitored by means of a 

cu~rent transformer. 

J.J.2 Quasi-Unit Function 

These current waves were generated by connect:i.ng a 12-volt battery 

through a suitable se!'ies resistance to the conduit u:nd.er test. Typical 

oscillograms depictir;g the waves used are shown in t~e Appendix of this 

report. 

4.0 INJECTED CURRENT TESTS 

4.1 Effect of Conductor Loc:ation 

The effect of cO?J.duetor looatio:zi on the c-:mductor-to-conduit induced 

voltage was evaluated early in the testing program. For this test an L­

shape:d test set.up was erec-:,ej as s:h.,:.n.~;r1 in Figure. 7. Also in Figure 7 is 

shown the positio!l. of the C:)r.,d:ucto~s being measur·ed, one conductor (light 

green) being placed :r..ext. -!,o the conduit wall and the other (red) centered 

by insulating spacers thro-J.gtoat the condul t ler..gth. Both co:n.ductors were 

electrical~ connected t.o the ennduit at the generator end. At the measure­

ment end the measuremer,t syst,em was term:i.nated in 76 oh.ms. The measured 

conductor-to-conduit i nduced voltages for these -w::.:iel;y separated conductors 

is shown in Figure 13 and tabulate :i ir.. Table 1. 

+ • > • rl >, CO • tnft • • ... e ht - 4e .. tft: 

J 

j 
• 
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TABLE 1 

EFFECT OF CONDUCTOR LOCATION ON CONDUCTOR-TO...CONDUI'r INDUCED VOLTAGES 
Applied Pulse Current - 1755 amperes 

First Peak Second Peak Third Peak 
Conductor .Ampl. Time Am;El • Time .Ampl. Time 

Light Green (at wall) 540 'MV 0.5 µs 40 'MV JOO µs JO 'MV 3500 µa 
Red (at center) 7JO 'MV O. 5 µs 40 MV JOO µs JO MV 3500 µs 

The data clearly shows that the conductor at the center of the conduit 

develops the higher initial crest (first peak) voltage but the increase is 

only 1.3 times the conductor-to-conduit voltage of the conductor adjacent 

to the wall. This is probably due to the very non-uniform peripheral cur­

rent distribution at the condulet corner. Due to this relatively small 

change in induced voltage with respect to conductor location, experiments 

using randomly located conductors will result in valid data. It should be 

noted that two ~&her voltage peaks occur, one at JOO µsec and one at 3500 

µsec. The induced voltage at J500 µsec is a result or the IR voltage drop 

from one end or the conduit to the other and the phenanenon which causes 

this voltage is explained in the Appendix. The second induced voltage peak 

is probably the IR induced voltage due to the condulet material which is 

cast or malleable iron and has a lower permeability than the steel conduit. 
Also another factor which may influence this peak is the thickness or con­

dulet cover. 

4.2 Effects of Changing Relative Permeability of Conduit Due to 
Repetitive Applications of a Unidirectional Pulse Current 

In dealing with permeable material~, evaluations must necessarily take 

into consideration the fact that the relative permeability may ch&llfe with 
application of unidirectional pulse currents. This is lmown as the satura­

tion effect. To determine whether, in fact, a saturation effect would take 
place, the same 40 foot length or conduit as described in 4.1 and shown in 

. ~ - . ~ . - - ~ - • - - L~ - - - -- ·- -

l 
J 
j 

._J 



- 5 -

Figure 7 was used. Measurements of the induced voltage between the light 

green conductor and conduit were made at the measurement end of the conduit. 

At the generator end the conductor was electrically cormected to the con­

duit. The wave shapes are shown in Figure 9 and the results tabulated in 

Table 2. 

TABLE 2 

EFFECT OF CONDUIT SATURATION ON THE CONDUCTOR-TO-CONDUIT 
INDUCED VOLTAGE IN 1WO INCH RIGID S'rEEL CONDUIT 

Applied Pulse Current - 1755 amperes 

Number of Applied IR Peak Induced Voltase 
Waves and Polarity Amplitude Time 

20 Negative 22.5 MV J500 µs 
1 Positive 5.0 MV J500 I.LS 

J Positive 15.0 MV 3500 µs 
10 Positive 28.0 MV 3500 µs 

20 Positive J2.0 MV 3500 µs 
50 Positive JJ.O MV 3500 µs 

Them induced voltage amplitude increases with increasing numbers of 

applied unidirectional waves until satu::·ation is reached. Between -the first 

positive applied wave and the twentieth which is considered to be the satu­

rated condition, an induced voltage change of about 6:1 occurred. Therefore, 

to avoid the comparison of data from material at different degrees of satura­

tion, all data taken throughout the series of tests reported in this report 

are values with the material in the saturated condition. 

Upon closer inspection of the wave shapes, it can be seen that the 

second peak occurring at about JOO µsec experiences a similar amplitude 

change. This second peak has been attributed to the condulet material. 

Substantiating evidence is given later in the report. 
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4.J Effect of Conductor Terminating Impedance on 
Conductor-to-Conduit Induced Voltages 

The tests described in 4.1 were repeated with the light green and red 

conductors in the same position except that the measurement terminating im­

pedance was reduced £ran 76 and 75 ohms to 1. 5 ohms. The results were quite 

interesting and are shown in Figure 10 and a canparison tabulation is given 

in Table J. (The 75 ohms wave shapes are not shown in Figure 10.) 

TABLE .3 

EFFECT OF CONDUCTOR TERMINATING DAPEDANCE 
Conductor-to-Conduit Induced Voltyes 
Applied Pulse Current - 1755 amperes 

Additional 
Cable First Peak Peak Second Peak Third Peak 

Conductor Term. Ampl. Time Ampl. Time Am.pl. Time Am.pl. Time 

Lt. green 76 ohms 540 MV 0.5 µs 40 MV JOO '1S JO MV 3500 µs 

Lt".· green 75 ohms 480MV 0.5 µs 40 MV JOO µs JJ MV 3500 µs-

Lt. green 1.5 ohms -55 MV O.J µs 145 MV 10 µs 27 MV 400 µs 22 MV 3500 µs 

Red 76 ohms 7JO W 0.5 µs 40w JOO µs JO MV J500 µs. 

Red 1.5 ohms -100 MV O.J µs 150 MV 10 µs 27 MV 400 µs 22 MV J500 µs 

Immediately apparent is the initial crest voltage or opposite polarity 

when the measuring system terminating impedance is a low resistance. Ir we 

analyze the initial crest voltages tor the 75 and l. 5 ohm terminations as 

shown in Figure 11, we find that the difference voltage is initially about 

the same magnitude but or opposite polarity. This infers that ror the low 

impedance termination there is an initial £10\f of current in the conductor 

in the opposite direction £ran that when the higher impedance termination 

is used. This is probably due to the fact that the conduit ground at the 

measurement end assumes a transient impedance which is substantially higher 

than 1.5 ohms. 

J 
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It should be also noted that the IR peak voltage occurring at 3500 µsec 

in the 75 ohm teats also occurred at the same time in the 1.5 ohm tests, but 

was sCJI1ewhat lower in magnitude. This indicates that the current on the con­

ductor is higher at the longer times when the conductor is terminated in 1.5 

ohms. For the 1. 5 ohm tests, however, an additional peak voltage was mea­

sured at 10 µson both the wall and center conductors which in effect made 

the second peak move to a slightly longer time and resulted in a lower mea­

sured voltage. 

It is apparent then that the induced conductor-to-conduit voltages mea­

sured are influenced somewhat by the effective measuring system terminating 

impedance. However, the 75 ohm measuring system results are worst case and 

can safely be used for design purposes. 

4.4 Conductor-to-Conductor Induced Voltages from 
Twisted Pair a..~d Parallel Pair Conductors 

For these measurements the test setup was again as described in 4.1, 
except that a parallel pair of wires were pulled through the conduit as 

well as a twisted pair of conductors. Their relative positions are shown 

in Figure 7. Measurements were made with both the twisted pair and paral­

lel pair wires connected together and to the conduit at the generator end. 

The measuring impedance between conductors was 100 ohms. The wave shapes 

are shown in Figure 12 and the pertinent data is tabulated in Table 4. 

TABLE 4 
CONDrrC.TOR-TO-CONDUCTOR INDUCED VOill'AGE 

ON PARALLEL AND '!WISTED WIRE PAIRS 
Applied Pulse Current - 1755 amperes 

First Peak 
Conductors Amplitude Time 

Parallel pair 170 MV O.J µs 

Twisted pair JO MV O.J µs 

• > 9 rl a- C tb - • e .. 4 Shh ore ft - - -
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It should be noted that the conductor-to-conductor, unlike the conductor- . 

to-conduit, case exhibits only an initial crest voltage of short time duration. 

The voltage measured tor the twisted pair is less than that measured tor the 

parallel pair. This is what might be dxpected because the parallel pair, even 

though taped together at one toot intervals, are not necessarily always adja­

cent to each other and thus the leakage canponent of the wave would not be 

equal on each conductor and thus a small ditterence voltage would develop. 

In the case of twisted pairs the voltage cancellat.ion phenanenon is well 

lalown. 

The long time IR voltage has nothing to do with the changing initial 

flux phenomenon. At times long after the current wave has reduced to zero, 

the IR voltage on each conductor of the pair is essentially equal resulting 

in no difference in voltage between conductors in a pair. 

4. 5 Effect of' Openings in Conduit 

In~ conduit system utilizing condulets, it is possible to inadver­

tentl:y leave off one or several condulet covers. To determine the shielding 

degradation caused by removal of' condulet covers, a test simulating this 

condition was made. The test setup was again the L-shaped configuration 

shown in Figure 7, which contained three condulets. Both the red and light 

green conductors were used and were electricall:y connected to the conduit 

at the generator end. 'n1e wave shapes shoving the effect of removing one, 

two, and three covers is shovn in Figure 1.3 and tabulated in Table 5. 

1 

J 
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TABLE 5 

CONDUCTOR-TO-CONDUIT AND CONDUCTOR TO CONDUCTOR INDUCED VOLTAGE 
SHCMING EfflCT OF OPENINGS IN CONDUIT SYSTEM 

Applied Pulse Current - 1755 amperes 

Test 
Condition 

1. All condulet covers 
in place 

2. Generator end con­
dulet cover off 

3. Measurement end 
cond·.ilet cover off 

4. Corner condulet 
cover off 

5. Corner and measure­
ment end c ondulet 
cover off 

Lt. 

First Peak Induced Voltages 

sreen to conduit Red to conduit Lt. 

580 WN 800 WN 

-2.1, 1.1 V -1.1, +1.5 V 

3.4 V 4.3 V 

11.0 V 18.5 V 

15.9 V 21.0 V 

sreen to red 

0.23 V 

2.1 V 

825 V 

6.5 V 

5.25 V 

An opening in a conduit system such as a condulet cover removed will, 

in general, on:cy effect the flux leakage induced voltage. This first peak 

voltage induced on the conductors will depend to a large extent on the wire 

position as it goes by the opening. 

Ana:cyzing the data, it appears that the largest induced voltage for a 

single condulet cover removed resulted when the corner or 90° condulet cover 

was taken off. This indicates an additional effect is taking place and for 

want or a better term will be called a corner effect. 

It is interesting to note that the measured conductor-to-conductor vol­

tages are, in general, equal to the difference between the individual mea­

sured conductor-to-conduit voltages for each of the various cover conditions. 

The exception was the case where the cover was removed at the generator end. 

4.6 Conductor-to-Conduit Induced Voltages Comparing Couplings, 
Bends, and Condulets in Two Inch Conduit System 

The L-shaped configuration used in test experiments described in 

... _. __ _ .J - - - --- ------- - - - _.._ _ ___ _ _ - - ____..___.-::....... .- ~ .-...- - ·- - - · .... .. . . ....... ,_..__....___..~- - - - . ~..._____ 
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Sections 4.1 through 4. 5 always had condulets in the conduit system 1md it 

was suspected that condulets obscured other effects which may be or interest. 

Therefore, a series or tests was made using the conduit systems shown in 

Figure J; namely, 1) a conduit system with couplings only, 2) a conduit sys­

tem with couplings and a 90° elbow, and J) a conduit system with couplings 

and two 90° elbows. A single conductor was randanly placed within the con­

duit and electrically connected to thG conduit at the generator end. All 

Joints were clean and threaded. The wave shapes are shown in Figure 14 and 

the results tabulated in Table 6. 

TABLE 6 

CONDUCTOR-TO-CONDUIT INDUCED VOLTAGES 
CCMPARING THE EFFECT OF BENDS AND COUPLINGS 

Applied Pulse Current - 1755 amperes 

First Peak Second Peak 
Test Setup Amplitude Time Amplitude Time 

Couplings only 22,5 MV 0.5 µa 22.5 MV 3500 µs 

Couplings and one 90° elbow 60 }Cl 0.4 µs 22.5 MV .3500 µs 

Couplings and two 90° elbows 95 MV 0.5 1,18 25 MV 3500 µs 

When adding a bend to straight run conduit systems, it is necessary to 

add an additional coupling to install the bend. Therefore, it is difficult 

to make a direct comparison between bends and couplings. Making the compari­

son with this in mind, the addition or one bend to a straight run conduit 

system increased the initial peak induced voltage by 2.7 times. The addition 

or two bends increased the induced voltage about 4.2 times. 

It should be noted that the measured wave shape ror the straight run 

conduit containing no condulets exhibited only an initial peak occurring in 

less th~"l 1 µsecond and a long time peak at 3500 µseconds. The intermediate 

peak occurring at JOO µseconds measured in the conduit system with condulets 

w~s not present. The dif'f'erent permeability or the condulet material accounts 

for this additional peak. 
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An interesting comparison can be made by noting the induced voltages 

measured for the conduit system containing a 90° condulet (Table J) and the 

conduit system containing one (,:JJ elbow. Even ·though the two conduit systems 

were slightly different, that is 6 threaded joints ve.rsus 8 threaded Joints, 

this would not account for the larger difference in first peak voltage mea­

sured. The results are tabulated in Table 7. 

TABLE 7 

CONDUCTOR-TO-CONDUIT INDUCED VOLTAGES IN '!WO INCH RIGID STEEL CONDUIT 
SYSTEM 3iO#ING DIFFERENCE BE'NEEN ONE 90° CONDULET AND ONE 90° ELBOw 

Applied Pulse Current - 1755 amperes 

First Peak Condulet IR Peak Conduit IR Peak 
Test Setup Amplitude Time Amplitude Time .Amplitude Time 

40' conduit 
system with 
90° condulet 

480 MV 0.5 µs 40 MV 300 µs JJ MV 3500 µs 

30' conduit 
system with 
90° elbow 

60 MV 0.5 µs 22. 5 1Cl 3500 µs 

Note that the conductor-to-conduit long time IR peak induced voltage is 

higher for the 40 foot conduit run, as it should be, since the resistance of 

this conduit run is higher. 

4. 7 Effect of Loose Joints on the Conductor-to-Conduit 
Induced Voltages in a Two Inch Conduit System 

For these tests the two inch conduit system containing the two 90° el­

bows as used in Section 4.6 was assembled so that one coupling joint was 

loosely connec·ted by only a few threads. The remainder of the conduit sys­

tem was tightly threaded. 'lb.e resulting wave shapes are shown in Figure 15 

and the results tabulated in Table 8. 

·- · ·-- - -- - - -· · · 
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TABLE 8 

CONDUCTOR-TO-CONDUIT INDUCED VOLTAGES IN TWO INCH 
CONOOIT SYST'EM SICMING THE EFFECT OF A LOOSE JOINT 

Applied Pulse Current - 1755 amperes 
First Peak 

Test Setup 

1. JO Foot conduit run and two 90° elbows 
2. Same as one, except one loose joint 

95 MV 

32 V 

0.5 µa 

0.4 µs 

The data shows that a conductor-to-conduit induced voltage increase of 
over JOO times can occur when a conduit system contains a very loose joint. 
The magnitude of the voltage measured with a loose Joint becomes a signifi­
cant amount of the rated voltage for a 120 or 480 volt system, to say nothing 

or low level control circuits. This test clearly points out the importance 
or tightly made Joints. 

4.8 Effect or Pulse Current Amplitude on the Conductor-to-Conduit Voltages 
in a Two Inch Rigid steel Conduit Having~ Threaded COU,J>lings 

Extrapolation of the data to larger currents is a necessity since the 
test facilities used were not capable of producing larger currents. There­

fore, to determine the relationship between applied pulse current and in­
duced voltage measured on ,conductors within a conduit system, ihe JO foot 
straight conduit run was pulsed at 600 and 1200_ amperes in addition to the 
1755 amperes which was previously used for teats described in Section 4.6. 
The wave shapes are shown in Figure 16 and the results tabulated in Table 9. 

TABLE 9 

CONDUCTOR-TO-CONDUIT INDUCED VOLTAGES IN '!WO INCH RIGID STEEL 
CONDUIT AS INFLUENCED BY INJECTED PULSE CURRENT MAGNITUDE 

Applied Current First Peak IR Peak 
(amperes~ Amplitude Time A§litude Time 

600 7.5 MV < 1 µs 8.5 MV 3500 µs 
1200 15.0 MV < l µs 17.0 MV 3500 µs 

1755 22.5 MV < l µa 22.5 W .3500 µs 

. 
-• 
I 
~ 

l 
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The data indicates for a fixed current wave shape that a linear rela­

tionship exists for the first peak (leakage flux) for this conduit system 

containing only couplings. The linearity of the second peak is, of course, 

expected since this voltage peak is directly proportional to the current. 

4.9 Effect of Threaded or Welded Joints on the Conductor-
to-Conduit Voltages in Two Inch Rigid steel Conduit 

For these tests a different JO foot straight conduit system containing 

only couplings was set up in the test area. First, conductor-to-conduit 

voltages were measured with all joints threaded. Then the joints were com­

ple·~ely welded around the circumference of the conduit. The conductor 

within the conduit was a #20 flamenol insulated wire electrically connected 

to the conduit at the generator end. The measured wave shapes are shown in 

Figure 17 and the results are tabulated in Table 10. 

TABLE 10 

CONDUCTOR-'rO-CONDUIT INDUCED VOLTAGES MEASURED IN A '!WO INCH 
CONDUIT SYSTFl! CCJ.U'ARING THREADED VERSUS WELDED JOINTS 

First Peak Second Peak 

Test SetuE AmElitude Time AmElitude Time 

Threaded jO! "ltS 68 MV 0.5 µ.s 16 MV 3500 µ.s 
,. 

Welded joints 8.5 MV' 0.6 µ.s 19 MV' 35oo·i'..Ls 

Notice that the first peak induced voltage measured for this threaded 

joint conduit system is approximately three times higher than that for a 

similar JO foot threaded conduit system measured earlier (Table 6). This 

may indicate the normal variation in flux leakage voltage which could be 

measured in threaded conduit systems. Welding the joints reduced -'.,he flux 

leakage (first peak) induced voltage eight times or approximately 18 dB. 

It is interesting to note, however, that welding of this JO toot conduit 

run resulted in only an 8. 5 dB improvement in shielding effectiv~ness when 

compared to the previously tested threaded conduit run, thus indicating 
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some variability in tightness of ·the unwelded threaded Joints. 

The small difference in m induced voltage is probably due, in part, to 

the difference in conduit resistance. For the threaded conduit, the resis­

tance was 0.00182 ohms; for the welded conduit the resistance was 0.00176 

ohms. 

4.10 Effect or Conduit Wall Thickness on the 
Conductor-to-Conduit Induced Voltage 

For these tests a 1-inch rigid steel, JO root straight conduit run hav­

ing only welded Joints was used. The test setup was similar to the JO foot 

straight welded conduit run described in Section 4.9 except for conduit 

thickness. The resulting wave shapes are shown in Figure 18 and the perti­

nent data are tabulated in Table 11. The applied pulse current in the case 

or the two tests was slightly different. Therefore, the data given in Table 

11 has been normalized f'or the current amplitude used in two inch rigid 

steel conduit tests. 

TABLE 11 

CONDUCTOR-TO-CONDUIT INDUCED VOLTAGES 
CCMPARING EFFECT OF CONOOIT WALL THICKNESS 

Applied Pulse Current - 1755 amperes 

One inch rigid steel conduit 
(measured wall thickness -
0.1207") 

Two inch rigid steel conduit 
(measured wall thickness -
0.1335") 

First Peak 
Amplitude Time 

8.1 MV 0.7 µs 

8.5 MV 0.7 µs 

-«3econd Peak 
Amplitude Time 

J500 µs 

19 MV J050 µa 

The data points out that the conduit wall thickness essentially influ­

ences the long time m induced voltage peak and does not influence the flux 

leakage voltage peak or its wave shape. As shown in the Appendix, the time 

for current to diffuse through the conduit wall is a i'Unotion ot the 
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thickness squared. Assuming the resistivity and permeability of both con­

duits to be the same, the ratio of squared wall thicknesses should equal the 

ratio of the measured current dift\lsion times. The calculation as follows 

shows a reasonable check: 

let Z and z1 represent the wall thickness of 211 rigid and l" rigid con­

duit, respectively, then 

.017~ = 1.22 

.OL/ ., 

and let T and T1 represent the diffusion times of the 2" and 1" rigid 

conduit, respectively, then 

T 3500 
T1 = 3050 = 1.15 

The measured difference in the IR induced voltage is a function of both 

resistance and current. The IR ratio or l.,oth cond,1its should equal the ratio 

of the measured voltages. The resistance of the two inch rigid welded con­

duit measured o. 00176 ohms and resistance for the one inch rigid welded con­

duit measured 0.00355 ohms. Therefore, 

IR(2 inch) = 1755 x 0.00176 = 0. 523 
IR(l inch) 1660 x 0.00355 

The ratio of the measured IR voltage peaks checks reasonably close, being 

0.485. 

4.11 Induced Voltages on Conductors within Two Inch 
Rigid Conduit Canparing 'Wrought Iron and steel 

'Wrought iron conduit with its reported good corrosion resistance quali­

ties may be considered for mechanical protection of buried electrical cir­

cuits. Therefc--re, an electrical shielding evaluation of ~his material for 

comparative purposes with steel was made. 

The evaluation was made by the injected current method using the test 

setup shown in Figure Ja. A twigte~ pair of #20 flamenol insulated wires 

-· - · ·----- _ __..__~--~--------------- --- -·-::., • .-.. ..... -- -- - ---.L .__ _. _ __ .......____ 4 ... ... . 
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was inserted in the total JO f'oot length or 2-inch diameter conduit. The 

twisted pair was electrically connected to the conduit at the geuere.tor end 

ror all tests. 

The induced voltages measured on conductors in wrought iron are shown 

in Figure 19. For comparison induced voltages measured previously in 2-inch 

rigid steel conduit are shown also in Figure 19. It will be noted that the 

current pulse peak value used in the steel conduit tests was higher than 

that used for the wrought iron test. The current pulse wave shape, however, 

was approximately the same. Therefore, these voltages are approximately a 

linear function or the peak current. Normalizing the voltages measured to 

the pulse current value used for the wrought iron tests results in the com­

parison shown in Table 12. 

Wrought Iron 

C - C 

C - G 

steel (rigid) 

C - C 

C - G 

TABLE 12 

CCMPARISON OF INDUCED CONOOCTOR VOLTAGES 
IN TWO INCH RIGID .. STEEL AND WROUGHT IRON CONDUIT 

Applied Peak .Current Pulse - 1420 amperes 

First Peak 
Amplitude Time 

< 6 MV* 1.05 µs 

52 MV l.J µs 

< 1.6 MV* 0.5 µs 

54 MV 0.5 µs 

Second Peak 
Amplitude Time 

< 2 MV* 22.5 µs 

68 MV 27 µs 

None 

None 

(IR) Peak 
Amplitude Time 

None 

JS MV 1200 µs 

None 

13 MV J500 µs 

* Essentially the noise level or the measuring system 

C - C denotes conductor-to-conductor measurement 

C - G denotes conductor-to-conduit measurement 

As can be noted fran the above table, the conductor-to-conduit induced 

voltage for wrought iron exhibits two flux leakage pe'lks nearly similar in 

11&gnitude but occurring at different times. The first occurs at 1 • .3 µsec 
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which was the approximate time to crest of 'the applied current wave. The 

induced voltage on the conductor in the steel conduit also exhibited this 
characteristic. The second peak occurring at 27 µsec, however, was not ex­

hibited by the cc. iuctor in the steel conduit and probably this is due to 
the coupling mate. Lal. The magnitudes or these first two peaks are similar 

in magnitude to those measured on conductors in the steel conduit. The long 
time m voltage peak measured on conductors in wrought iron occurred at a 

much shorter time (1200 µsec) than for similar measurements made with steel 
conduit (J500 µsec). Since the resistivity or these two materials differs 

only by a factor or 1.2, the measured difference in them crest time must 

be due to the permeability of the two materials, the wrought iron having a 
permeability approximately one third that of steel for this current pulse 

application. This canparison was made with both conduits in the saturated 
condition. (Saturation is defined as that point in the application of cur­

rent pulse waves where no f'urther increase in induced conductor-to-conduit 
voltage is noted. For steel this was 20 applied waves; for wrought iron 

this was J5 applied waves.) 
Experiments have shown (see Appendix) that the peak conductor-to­

ground m voltage is related to the time constant or the current diffusion 
through the conduit wall thickness and the resistance of the conduit mate­

rial. For the case of the wrought iron and steel conduits used in this 
experiment, the wall thicknesses were equal and the resistance varied only 

by a factor or 1.2. Therefore, it appears that the J to 1 difference in 
the voltage magnitude is also directly related to the J to l difference in 
permeability. 

The significance or the teat data f'rom both steel and wrought iron 
tests in terms of application is that both conduit materials have considera­

ble shielding effectiveness when the conduit runs have properly-made tight 
joints. 

The principal difference between the two types of materials is that the 
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wrought iron exhibits a greater resistance to permeability change (i.e. sat­
uration) from exposure to magnetic fields, Literature describing wrought 
iron states also that the permeability or the material is less affected by 

working, handling, welding, etc. than that or steel. Since the application 
information ror conduit is based on experimental data ob~ained :f'rom magneti­

cally saturated conditions, which is a worst case condition, differences in 
unsaturated values or permeability ror both wrought iron and steel become 

relatively unimportant. 
4.12 Induced Voltages on Conductors in Two Inch Rigid steel Conduit 

Sectioned by a One Foat Long Corrugated Flexible steel Tubing 

The purpose or this experiment was to evaluatP. the possible degradation 

in shielding effectiveness which could occur by the insertion or a corrugated 
flexible tubing in a two inch rigid steel conduit run. Application or such 

short flexible tubing could occur at building and conduit interfaces where 
displacement between building and conduit may change over a period or years 

or wherever vibration isolation is needed. 
The test setup for this experiment was similar to that shown in Figure 

Ja. except that the one root long flexible corrugated tubing was inserted 
betw,~en two of' the three 10 root conduit lengths. All Joints were made up 
tight with threaded couplings. 

Three types ot corrugated tubing (bellows) were tested; one made or car­
bon steel, one made or stainless steel (321 alloy), and one made or stainless 
s·i;eel armored with one layer or stainless steel wire braid. These are shown 
in Figure 20. 

The induced conductor voltage wave shapes are similar to those measured 
without the corrugated tubing. These are shown in Figures 21, 22, and 2J. 

Comparing these with data in Table 12 on steel conduit having no bellows re­
sults in the canparison shown in Table 13. 

The measured resistances or the JO root rigid steel conduit with and 
without a one root length or corrugated tubing using threaded Joints was as 
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TABLE lJ 

CCMPARISON OF INDUCED CONDUCTOR VOLTAGES 

(JO Feet or 'lvo Inch steel Conduit Containing 
a One Foot Length or Corrugated Flexible Tubing 

between Two 10 Foat Conduit Lengths - Threaded Joints) 

C - C 

C - G 

C - C 

C - G 

C - C 
C - G 

C - C 
C - G 

Applied Peak Current Pulse - 1420 amps 

First Peak Second Peak IR Peak 

Amplitude Time Amplitude Time Amplitude Time 

One Foot stainless steel Tubi:ng, R 11 .010;4 .n. 

200 MV 
17.5 V 

o.; µa 

1 µs 

None 
None 

None 
22 W J500 µs 

One Foot stainless steel Tubing with Braid. R • .0033; A 

< 5 MV* 0.6 µs J MV 2.4 µs None 

5.6 V 4 µs None 22 MV J500 µs 

One Foot Carbon steel Tubing. R • .00~05 .n. 

10 MV 0.7 µa 6.5 MV J.5 ~s None 
.350 MV 1.4 µa 1400 W 49 µa 22 MV J500 µs 

steel Conduit (No Corrugated Tubing) 

< 1.6 W* 0.5 µs None None 
;4w o.; µa None lJ MV J500 µa 

* Essentially noise level of measuring system 

j 

J 
. -------. - ., • - - - -- ~ - --------.._____.._ __ 
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follows: 

Resistances of JO root rigid steel two inch electrical trade size 

conduit, 

With no flexible section - 0.00182 ohm 

With J21 stainless bell<Ms - 0.0122 ohm -With J21 stainletia bellovs and braid armor - 0.00498 ohm 

With carbon steel bell<Ms - 0.0057 ohm 

In previous discussion it was pointed out that the IR peak voltage was 

a f'unction or the time or the current dittusion through the conduit wall 

and the resistance or the material. The time required tor the current to 

dirtuse through the material is proportional to the thickness squared and 

permeability and inversely proportional to resistance. Fran analysis of 

the data in Table lJ, it ap:r,ears that the corrugated tubing had very little 

effect on the IR peak magnitude or response time or the conduit, even though 

the one root or corrugated tubing causes conslderable changes in the para­
meters Just mentioned. A probable reason for this could be that the one 

root length or f'lexible tubing has its own response time and its IR peak 

occurs at a much diff'erent time than that or the conduit. We can examine 

what the dif'tusion time or the tubing might be on a proportional basis since 

we knOW' what the ditf"usion time f'or the conduit is f'or this particular wave 

shape. For example: 

(z)2µs 
TC conduit a P 

8 
• 

(z)2µss (0.060)2µas O.OOJ6 "'ss 
TC 01 --- • ----- a as conduit p p p 

as as as 

(µs and J.&ss are the relative permeability or steel and stainless 

steel respectively.) 

Since p 8 and pas vary much less than 2 to 1 and we assume that 1,18 for steel 

is ·100 and 1,188 f'or stainless steel is 1, then the ratio or the two dirtusion 
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0.009 X 100 = 2500 
0o00J6 x 1 

The diffusion time for the conduit was measured at 3500 µsec. Therefore, 

the difi"usion time for the stainless steel tubing can be estimated to be 

3500 µsec = 1•4 µsec 
2500 

Referring back t o Table lJ, the measured induced voltage fran the con­

duit run containing the stainless steel tubing indicated only a flux leakage 

peak at 1 µs and an IR peak at J500 µs. The calculations indicate that the 

m peak of the tubing is so short it occurs at approximately the same time 

as the flux leakage peak. Analyzing the magnitude or the first peak voltage 

measured from the stainless steel and carbon steel bellows, the carbon steel 

initial peak induced voltage was only J50 Mil as ccmpared with 17.5 volts for 

the stainless steel bellows. The carbon steel first peak is truly a flux 

leakage peak voltage since its m peak occurs at 49 µseconds. Since there 

should be vecy little difference in flux leakage induced voltage between the 

stainless steel and carbon steel bellows, the high first peak voltage mea­

sured for the stainless ste~l is mainly an IR voltage. This can be checked 

by calculation since the current is known at the time of occurrence or the 

first peak. The applied current (Figure 6) at approximately 1.2 µseconds 

is 1420 amperes and the resistance or the stair.less steel bellows measured 

0.0122 o~ resulting in a calculated IR voltage of 17.2 volts. Thls checks 

the 17.5 volts measured and confirms that the initial voltage measured is 

proportional to the resistance of' the 11on--magnetic bellows material and the 

current through it. 

Them voltage for the carbon steel bellows ooeurring at 49 µseconds 

can also be checked by calc11lation. The applied current at 49 µseconds was 

approximately 490 amperes. The resistance of the carbon steel 'bellows mea­

sured 0.OOJ05 ohm. Therefore, the calculated m. voltage is l.5 volts which 
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approximates the 1.4 volt.a measured. Note the m voltage of the conduit was 

still present at 3500 µseconds. 

The initial conductor-to-conduit peak voltages measured from both stain­

less steel flexible tubings (with and without braid covering) were from 100 

to JOO times higher than the induced voltage that WQS measured from flux 

leakages in the conduit run with threaded joints and no flexible tubing. Use 

of the carbon steel flexible corrugated tube in place of the stainless steel 

tube reduced the conductor-to-conduit voltage by a factor of about 12. Com­

pared to rigid steel conduit with no flexible tube, the one foot carbon steel 

flexible tube increased the conductor-to-conduit voltage about 25 times. 

4.13 Induced Voltages on Conductor:s in Two Inch F'lexible 
steel Conduit - standard Grade and Sealt:rte® 

There may be situations which require the use of flexible conduit rather 

than rigid steel conduit. Therefore, two types of flexible conduit measuring 

25 feet in length were evaluated. One was standard grade flexible conduit, 

the other was a flexible conduit commercially called Sealtite(8). '.i:'he main 

difference between the two flexible conduits was the looseness or tightness 

of the interlocking steel strip. 

The test setup was again similar to that shown in Figure Ja. with 

twisted pair wires within the flexible conduit. 

The measured induced voltages from both flexible conduits are listed in 

Table l.4. The measured wave shapes are shown in Figures 24 and 25. 

® Trademark of Anaconda Metal Hose Compaey 
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'l'ABLE 14 

CCMPARI&)N OF INDUCED COND~CTOR VOLTAGES CN CONDUCTORS 
IN 2 5 F'EET OF 'IWO INGfi :l'"'"LEXIBLE STEEL CONDUIT 

(standard and Sealtite®) 
Applied Peak Current Pulse - 1420 amps 

standaI·d 

C - C 

C - G 

Sealtite® 

C - C 

C - G 

First Peak Second Peak 

~li"~;c;.de 

9V 

1450 V 

1.6 V 

68 v· 

'.I'ime 

0.8 µs 

0.6 µs 

0.5 µs 

0.6 µs 

Am_p_lit,u~ Time 

None 

None 

None 

54 V 20 µs 

'The data significantly reveals the higher induced short time voltages 

which occur from these types of conduits. The standard flexible steel con­

duit, especial'.cy, acted as practically no shield at all1 the induced voltage 

being approximate:cy" 25,000 times higher than that f'ram conductors in rigid 

steel conduit. Because of t·he leaey c;,)Em co:nstruction, no long-time voltage 

ir1dicating flux diffusion through the metal wall was ex_'ltibited. The Seal­

tite® conduit, wh:i.ch is tight~ wound and has metal continuously overlapped, 

did exhibit a second IR peak at 20 µseconds. At 20 µsecoTids the current, 

from the applied current wave shown in Figure 6, is approximately 930 amps. 

The m voltage at 20 µseconds is 930 amps times the resistance of' the con­

duit which measured 0.055 ch~. Therefore, the IR voltage calculated to be 

51 volts which checks the i:ooasu.red value of 54 volts quite closely. The 

conductor-to-ground flux leakage peak indu~ed voltage of Sealtite® conduit 

was approximately 1250 times higher than that masured t":rom conductors in 

rigid steel condu:i.t. 

" 111 

ii 
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4.14 Induced Voltages on Conductors within JO Feet of Three-Phase 
Aluminum Armored PO'iler Gable Rated 151000 Volts 

The basic objective of this experiment was to detemine the shielding 

effectiveness of camnercial type pO'iler cable. The cable construction is 

sham in Figure 26. Note that the cable selected for test has two shields 

as far as each conductor is concerned. One is the outer aluminum armor and 

the other is the individual copper shielding tape wrapped over each conduc­

tor insulation. 

The physical test setup was similar to that shown in Figure Ja. Tests 

were made with the cable conductors, conductor shields, grou.nd wires, and 

armor connected in relation to each other in four basically different ways. 

These are shown diagrammatically in the four sketches in Figure 27. To sim­

plify identification of parts, numbers were assigned to the various ele:ments 

of the cable as follO'lls: 

1, 2, J - phase conductors 

4 - all neutral ground wires connected together 

5, 6, 7 - phase conductor copper ahielding tapes 

8 - aluminum armor 

For ease of presentation and analysis, the wave shapes and comparisons 

in tables will be listed by test connection. Figure 28 and Table 15 present 

the data of induced voltages from Test Connection 1. Figures 29 through 33 
and Table 15 present the data of induced voltages from Test Connection 2. 

Figures 34 through 36 and Table 15 present the data of induced voltages from 

Test Connection J. Figures 37 and 38 and Table 15 present data of induced 

voltages from Test Connection 4. 
4.14.1 Significance or the Four Test Connections 

The type or cable tested is :1ormally used in indoor installations such 

as central stations and substations, industrial plants, and similar locations. 

Test Connection 4 has probably the most significance as far as usage is con­

cerned since the neutral ground wires, phase conductor shields, r.11.d outer 

. . ~ . - - ~ - - - --· •--· •- - -- --
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' TABLE 15 

INDUCED CONDUCTOR VOLTAGES ON CONDUCTORS 
IN A 15 kV ALUMINUM AIMORED1 3-PHASE PCMER CABLE 

Applied Peak Current Pulse - 1420 amps 

Measurement 
First Peak Second Peak 

Poi.nts Amplitude Time Amplitude Time 

Test Connection #1 

4 - 8 9.0 V 0.6 µs 12.0 V 4.5 µs 

Test Connection #2 

4 - 8 9.0 V 0.7 µs 12.0 V 4.5 µs 

5 - 8 9.0 V 0.6 µs 1::::;~;- 12.0 V 4.5 µs 

1 - 8 2.2 V 0.5 µs None 

1 - 5 12.0 V 0.7 µs 15.0 V 4.6 µs 

1 - 2 0 • .34 V 0.6 µs None 

Test Connection #3 

4 - 8 5.5 V 0.7 µs 7.0 V 4.4 µs 
1 - 8 4.8 V 0.7 µs 6.6 V 5.2 µs 
1 - 2 0.46 V 1.4 µs None 

Test Connection#~ 

1 - 8 J.6 V 0.7 µs 4.6 V J.9 µs 
1 - 2 0.46 V 1.4 µs None 

i 

- _ ..J - - - · - ~--- ··- - - --- - - ~ ... -~ _____ _,,,_ _ __ __ _ __ _ ... · -- - - - ..,_ a___..., __ _,_. _ _ ~- - - -~ --- --
-- .......... -- - --- - - -· -· 
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armor are all connected to ground. The results, however, would be termed 

"worst case", since the load impedance usually found in actual service con­

ditions is 150 or less than that or the measuring system impedance used. 

The purpose of the four test connections was to allow determination of 

the shielding effectiveness of both the outer armor and the phase conductor 

shields with current flowing in 1) the armor only, 2) in both the armor and 

the neutral wires, and J) in the armor, neut!"al wires and the phase conduc­

tor shields as well. 

4.14.2 Analysis of Cable Test Data 

T'ne first significant fact which is immediately apparent is that the 

long-time m induced voltage peak on the conductors in aluminum armor cable 

occurs at about 5 µseconds which is a much shorter time than the 100 µsen 

exhibited by conductors in rigid aluminum conduit. (Aluminum conduit 6.ci.ta 

is given later in the report under H-field tests.) Also the peak IR induced 

voltage magnitude of the phase conductor is approximately 15 times higher 

than that on conductors in rigid aluminum conduit and approximately JOO 

times higher than conductor-to-conduit voltages induced on conductors in 

rigid steel conduit. 

In terms of induced conductor-to-conduit flux leakage voltages, the 

alumirrum armor cable allovs about JO times more flux penetration than does 

threaded rigid aluminum conduit and about 90 times more than threaded rigid 

steel conduit in mu.ch the same configuration. The conductor-to-conductor 

flux leakage induced voltage for the aluminum armored cable was negligible 

as was rigid aluminum and steel conduit. 

The difference in shielding effectiveness of the cable with the shields, 

armor, and neutral wires carrying pulse current compared to the condition of 

the armor only carrying current is shown in Table 16. 

,. 
'I: 
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Measurement 
Points 

1 - 8 
1 - 2 
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TABLE 16 

- -···--·----· - ·-· . -------. ~--....... --................ ----

INDUCED CONDUCTOR VOLTAGE 

Applied Peak Current Pulse - 1420 amps 
Pulse Current Carried Pulse Current Carried by 
by Armor and Shields Amor, Shields, and Neutral Wire 

First Peak SP.cond Peak First Peak Second Peak -· Ampl. Time Ampl. Time Ampl. Time Ampl. Time 

4.8 V 0.7 l,lS 6,6 V 5.2 l,lS J.6 V 0.7 1,1S 4,6 V .1 . 9 l,1S 

.46 V 1.4 1,18 None .46 V 1. 4 1,18 None 

As can be noted, the shielding e££ectiveneas of the cable is improved 

only .'.3 dB by also allOW'ing the neutral wire to co.rry pulse current. There­
fore, it would make littl~ difference from a pulse current point of' view 

whether the neutral wires were cormected at both ends of' o. conduit run or 
not connected. In the case or steel armoring, the neutral wire may have 

more significance because or the larger difference in resistance between 
the steel armor and the copper shielding tape. 

4.14 • .3 Variation in Cable Experiment 
The armored power cable used in this experiment could, in service, be 

mounted along metal bulkheads and walls. Therefore, the cable was reori­

ented in position as shOW'n in Figure .'.39. The grounds were made £ran alumi­
mun foil cormected at three points to the alumimun ground plane floor or 

the shielded room. Except for cable orientation, all otl~er conditions of 
the experiment were the same. Measurements were made with the cable in 

Test Cormection .'.3, as given in Figure 27. The data canparing the induced 
voltages for conditions of various ground cormectiona is given in Table 17. 



Conductor 
Connection 

4 - 8 

1 - 8 

1 - 2 
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TABLE 17 

COAPARISON OF INDUCED CONDUCTOR VOLTAGES 
FOR VARIOUS ARMOR SHEATH GROUND CONNECTIONS 

Applied Peak Current Pulse - 1420 amps 

T~st Connection #J 

First Peek Second Peak 
Amplitude Time Amplitude Time 

9.2 V 0.8 µs 10.6 V J.2 µs 
9.0 V 0.9 µs 9.8 V 2.9 µs 

8.0 V 0.8 µs 8.6 V 1.2 µs 

7.6 V 0.7 µs 8.4 V 1.2 µs 

8.2 V 0.9 µs 9.2 V J.7 µs 

8.0 V 0.9 µa 8.4 V J.J µs 
7.2 V 0.9 µs 7.4 V 1.2 µs 

7.0 V 0.9 µs 7.2 V 1.2 µs 

.J4 V 1.4 µs None 

.40 V 1.1 µa None 

.J6 V 1.2 µs None 

.J4 V 1.J µs None 

Ground 
Connection 

1 

1 and 2 

1, 2, J 

1 and J 

l 

land 2 

l, 2, J 

land J 

l 

land 2 

l, 2, J 

1 and J 

As can be noted by comparing Tables 16 and 17, placing 20 feet or cable 

four inches from the floor in the manner shown in Figure lJ has degraded the 

conductor-to-conduit shielding effectiveness or the cable by about 4.5 dB. 

This is no doubt due to the mol'e non-uniform peripheral current dist.ribution 

which occurs both at the bend in the cable armor and along the surface or 

the armor spaced four inches from the ground plane. The conductor-to­

conductor induced voltages, as would be expected, were not affected by the 

change in cable location. 

The affect or the additional ground connections was to divert the cur­

rent flowing in the armor to ground at points along the cable. In an actual 

" • 
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installation engulfed by an H-field, these multiple grounds would serve to 

shorten conductor loop::, w~ • .:..ch could in effect limit the current and induced 

voltages developed in these loops. 

5.0 H-FIELD TESTS 

The current which will flow on a conduit system in an NEMP environment 

will be an induced current resulting from the changing H-field flux linking 

the conduit. In the injected current tests only an injected current flow 

on the conduit was considered and the conduit was not simultaneously engulfed 

by a changing magnetic field. To determine whether the injected current 

tests have simulation validity, a series of tests were made which allowed 

measurement of the induced voltages on conductors within conduit when the 

conduit was both carrying pulse current and engulfed by a varying H-field. 

The general test setup shCMing the 1·adiat ing loop and the conduit loop 

was shown in Figure 4. Current measurements in both the radiating and con­

duit loops were measured with a O.OJ664 ohm shunt. For monitoring the cur­

rent while making induced voltage measurements on conductors within the con­

duit, a toroidal current transformer which clamped around the conduit was 

used. 

The measurement system was the same as that used for the injected cur­

rent tests. The current wave shape applied to the radiating loop was simi­

lar to that applied in the injected current tests. The induced current wave 

shape as measured fran the conduit loop was similar to the applied current 

wave shape. Figure 40 shCMs the comparison of wave shapes of the applied 

radiator current measured with both the current shunt and the transducer and 

the conduit loop induced current measured with the current transducer only. 

Note the similarity of the applied and induced wave shape. 

5.1 H-Field Measurements 

It was recognized that the H-field generated by the radiating loop and 

surrounding the conduit loop would be a :t'unction of the magnitude of the 
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induced current in the conduit loop as well as the current being injected in 

the radiating loop. The intensity or this field near the conduit is of in­

terest since the conduit traverses this field. Therefore, the H-field sur­

rounding the conduit loop was mea~ured for two conditions, 1) with the con­

duit loop carrying an induced current which will be used in all tests and 

2) the conduit loop open and carrying no current at all. The H-field plots 

were made with the probe shown in Figure 5. Figure 41 gives the H-field 

intensities with the conduit loop open and with a pulse current of 1755 

amperea applied to the radiating loop. Figure 42 shOW's the H-rield inten­

sities with induced current flOW'ing in the conduit loop. Analyzing these 

plots, two thi~.gs are immediately apparent. One, the H-field within the 

conduit loop in the vicinity of the ground plane undergoes a considerable 

change both in magnitude and polarity when the conduit loop has current in­

duced in it and two, because of transformer action, the shorted conduit 

loop loads the current generating circuit resulting in a lOW'er current crest 

or 1690 amperes. ~e 1690 amperes flOW'ing in the radiating loop resulted in 

490 amperes induced in the conduit loop. 

5.2 Conductor-to-Conduit Induced Voltages Measured in 
Conduit Loop Systems Carrying Induced Currents 

Many or the conduit systems tested by current injection such as those 

containing 90° elbows, condulets, and couplings as well as conduit systems 

or other sizes and materials were tested by the H-field method. Because of 

the disparity in H-field intensity surrounding the top and bottom lengths 

or the conduit loop, the conductor within the conduit loop was electrically 

connected to the conduit in the upper corner opposite the conduit loop 

ground connection. This in effect resulted in two L-shaped conduit sections 

carrying the same current but traversing different H-£ield intensities. 

Using this same conduit and conductor configuration, the following was 

evaluated: 

H 
- t ft 

rt in ,,. t:C ttcs • frtent ea -. 

~ .. • 
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induced current in the conduit loop as well as the current being injected in 

the radiating loop. The intensity of this field near the conduit is of in­

terest since the conduit traverses this field. Therefore, the H-field sur­

rounding the conduit loop was measured for two conditions, 1) with the con­

duit loop carrying an induced current which will be used in all tests and 

2) the conduit loop open and carrying no current at all. The H-field plots 

were made with the probe shown in Figure 5. Figure 41 gives the H-field 

intensities with the conduit loop open and wtth a pulse current of 1755 

amperes applied to the radiating loop. Figure 42 shOW's the H-£ield inten­

sities with induced current £lowing in the conduit loop. Analyzing these 

plots, two things are immediately apparent. One, the H-£ield within the 

conduit loop in the vicinity or the ground plane undergoes a considerable 

change both in magnitude and polarity when the conduit loop has current in­

duced in it and two, because or transformer action, the shorted conduit 

loop loads the current generating circuit resulting in a lower current crest 

or 1690 amperes. ~e 1690 amperes flowing in the radiating loop resulted in 

490 amperes induced in the conduit loop. 

5.2 Conductor-to-Conduit Induced Voltages Measured in 
Conduit Loop Systems Carrying Induced Currents 

Many or the conduit systems tested by current injection such as those 

containing 90° elbOW's, condulets, and couplings as well as conduit systems 

or other sizes and materials were tested by the H-field method. Because or 

the disparity in H-field intensity surrounding the top and bottan lengths 

or the conduit loop, the conductor within the conduit loop was electrically 

connected to the conduit in the upper corner opposite the conduit loop 

ground connection. This in effect resulted in two L-shaped conduit sections 

carrying the same current but traversing different H-£ield intensities. 

Using this same conduit and conductor configuration, the following was 

evaluated: 

- - .. ~. - · - - -------- _ __ _ _ _ _ .,,J - -------~~- _..._ _ _ _ - - - - - - -----~ ::--.------------ - - - _ _ _ .. ._ _ _. _ _ _ _ ..... _ _ ..__________..__._ _ _ • 
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Traversing the smaller H-field 

1. 2 inch rigid steel conduit - one 90° elbow 

2. 1 inch rigid steel conduit - one 90° elbow 

J. 1 inch steel thin wall - one 90° elbow 

4. 2 inch aluminum conduit - one 900 elbow 

5. 2 inch rigid steel conduit - one condulet 

Traversing the larger H-field 

1. 2 inch rigid steel conduit - two 90° elbows 

2. 1 inch rigid steel conduit - two 90° elbows 

J. 1 inch steel thin wall - two 90° elbows 

4. 2 inch aluminum conduit - two 90° elbows 

5. 2 inch rigid steel conduit - two condulets 
The wave shapes resulting from each of' these tests are shown in Figures 

43, 44, 45, and 46~ The pertinent data is tabulated in Table 18. 

TABLE 18 

C<MPARISON OF INDUCED CONDUCTOR TO CONDUIT INDUCED VOLTAGES FROvi 
TOP AND BOTTCM OF A CONDUIT LOOP HAVING VARIED CONSTRUCTIONAL HAR11'1ARE 

Conductor-to-Conduit Voltages 

Conductor steel Conduit Al Conduit 

Measured 211 Condulets 2" Elbows 111 Elbows 1" Thin Wall 211 Elbows 

First Peak 

Top-to-Conduit 44 MV 240 MV 160 MV 125 MV 125 MV 

Bottom-to-Conduit 88 MV 105 MV 110 W 110 MV 60 MV 

m Peak 

Top-to-Conduit 2.8 MV J.5 MV 5 MV 135 MV 105 Ml/ 

Bottom-to-Conduit J.6 MV J.8 MV 6.5 MV 1J5 MV 145 W 

Note: Top conduit traverse~ larger H-field. 
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While it is difficult to make direct comparisons between the top and bot- • 

tom conduit systems (the top conduit system consisted of 11 threaded joints 

and two 90° devices, either condulets or elbows; the bottan conduit system 

contained 10 threaded joints and one 90° device, either condulet or elbow), 

some interesting observations can be made. First, the top half conduit sys-

tem had the higher induced flux leakage voltage. This is to be expected, 

since the H-field surrounding the top half conduit \;-as higher. (The top 

half conduit experienced an H-field approaching 500 amperes/meter.) Secondly, 

the magnitude of the induced flux leakage voltagP.s measured in both halves 

are somewhat higher for the induced current tests than they were for the in­

jected current tests. (The conduit system with condulets was the only excep­

tion.) For example, fran Section 4.6, Table 6, an injected current of 1755 

amperes on a two inch rigid steel conduit system containing one elbow pro-

duced a conductor-to-conduit induced voltage of 60 MV. At 490 amperes in­

jected, the induced voltage would have been approximately 17 MV which is 

considerably less than the induced voltages measured and given in Table 18. 

When comparing the IR peak induced voltages resulting from the induced 

current and injected current tests, the reverse is true. Th£ injected cur­

rent tests gave the higher m induced voltages. This is probably due to the 

current reversal of the induced current on the conduit resulting in a vary­

ing saturation of the steel conduit. 

From a conduit system design standpoint, "worst case" design for the 

overall conduit system can be obtained by using the injected current test 

results since extrapolation of the data to longer lengths involving the IR 

induced voltages will be a controlling factor in the design. 

6.0 SUMMARY 

1. Conduits exposed to a pulsed H-field environment will result in lnduced 

currents flowing on the conduits. These currents produce a magnetic 

field in addition to the driving H-field which can couple electrical 

l 
j 
• 
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wiri.ng within the conduit. The magnetic flux which couples the electri­

cal wiring causes transient voltages to be induced on the wiring. 

2. The H-field induced conduit current and the resultant induced voltages 

on electrical whirig within the conduit can be simulated by injecting a 

current pulse of similar wave shape directly on the conduit. 

J. The wave shapes of the induced conductor-to-conduit voltages on wiring 

rEsult:..:-~ fre:m t he simulated pulse currer.-::;s ap:plie.1 show an initial peak 

crest ing at the time of the maximum di/dt of the applied current wave 

and a second peak cresting long after the current wave has reached zero. 

The first peak is the result of flux leakages at joints, bends, or other 

openings; the second peak is related to the rate of current diffusion 

through the conduit wall. Wave shapes of induced voltages between a 

pair of conductors do not show the presence of the second peak. 

Both first peak and second peak magnitudes, for design purposes, 

will scale linearly with pulse current amplitude. 

4. The rate of current diffusion through the conduit wall is a function of 

the cor1duit wall thickness, relative permeability, and resistivity: 

Diffusion Time c,,e (t)
2 

µr 
p 

This infers that the best si1.ielding against NEMP can be achieved by use 

of co:r..duit havi:ri~ a high permeability 1 a large wall thickness, and a low 

resistivity. This assumes, of course, that the conduit system has pro­

perly mad.e tight joints. 

~. A two inch rigid steel conduit system with tightly made, clean, threaded 

Joir,.ts a."'ld corlainir..g no condulets will provide at least 60 dB of shield­

ing f er the electrical wiring within it. Welded joints can improve the 

shiel:iiI1.g effectiveness of the conduit. by about 8 dB. 

6. T.he use cf' con.dulets in a two inch rigid steel conduit system can degrade 

t:te sL:.eJ.dlr.:g effectiveness by 20 dB. 

. ) . .. aft: ••• - • • e -- 4 hb :e:1 4o .. tft: 

i .. • 
j 
~ 

J 
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7. Openings such as condulet covers removed or vecy loose threaded joints 

can degrade the shielding effectiveness of a tvro inch rigid steel con­

duit system ryy 40 dB. 

8. The use of a one inch rigid steel conduit for protection of electrical 

wiring against NEMP increases the m induced voltage by a factor of 2 

over that resulting from wiring in a two inch rigid steel conduit system. 

9. In terms cf the volte.ge induced between conduet,ors in eleetrical cir­

cuitcy due to pulse currer.t on the GOr).duit, t~.dsted pair wiring has a 

5~1 advantage over parallel pair wiring. 

10. From an NEMP point of view, wrought iron conduit tiaS no advantage over 

rigid steel conduit and either type is suitable for shielding open 

wiring. 

11. The use of a short section of flexible bellows at building entrances or 

other locations requiring flexibility would not seriously degrade the 

shielding effectiveness of a long steel conduit run. Caution should be 

exercised in their use for wiring fran circuits which are extremely 

cri.tical. 

12. The use of' standard grade flexible steel conduit is not recommended for 

use, since it provides practically no shielding. Sealtite® flexible con­

duit, -while providing greater shielding than the standard grade, is also 

not recr::rmnended for general use. Application information for using this 

material with pow-er circuits within buildings is being developed. 

lJ. Aluminum or steel armored power cable should only be used within build­

ings or rooms. 
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Conduit Wall 

FIGURE 1 
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/ 

Conduit couplings 

10 foot lengths 
of 2 inch conduit 

conduit setup (three ten foot lengths) 

0° elbow 

, -r=-:;---<1:=====ti:===-=--:::r.._:i:::-
Pulse I 
Current ~.I 
Generator 't 

I 
I 
I Corduit couplings 

10 foot 
lengths of 
2" conduit 

b. One 90° bend conduit setup (three 10 foot lengths and one 90° elbow) 

Pulse 
Current ~ ! 
Generator 'I 

I 
I 
I 
I 
I 

onnection Box 

Conduit Couplings 

10 foot lengths 
of 2 inch conduit 

c. 'l\ro 90° bend conduit setup (three 10 foot. lengths and two 90° elbOlis) 

FIGURE 3 Various Conduit Test Configurations 
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I Pulse 

V
Current 

I Generator 

,,,, 

2 inch rigid 
steel conduit 

2 inch 
c.;o:i.1duit e:ot1:pli1ig 

Condulet 

a. Test setup for four lengths of 2 inch conduit 

Light 
Green Rvue 

Twisted Pair 
/ Black and 

c6 Green 

Bottom 

- Red and B:i.ue are parallel 
pair located in center of 
conduit 

- Black and Green are 
twisted pai~ located 
as shown 

- Light Creen. is single 
conductor located on 
inner surta~e of conduit 

b. Conductor arrangement within the conduit eross section 

FIGURE 7 L-Shaped Conduit Test Configu.:!'.'ation 
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Rigid steel 2 Inch Conduit 
Welded Joints 
(1755 amperes) 

- 52 -

Rigid Steel l Inch Conduit 
Welded Joints 
(1660 amperes) 

FIGURE 18 · Wave Shapes of Conductor-to-Conduit Induced Voltages 
' Showing Effect of Conduit Wall Thickness · 



on Conduyt,;,rs in T\olo Inch Conduit System 
Il'Ofl, Applied Pulse · Current - l755 wnperes 
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0 ,2 V/IlIV · 1 µs/DIV 

A. Conductor-t o-Conductor Voltage 

••••••• •• •••• • t •••• • •• • ... • •• •• •• t •••••••• ' 
' ..... •• • • • • +--+-+-+-+·· • •• • • • • • • t • + • t t. • • t •• • •••• ' 

FIGURE 21 

B. Conductor-to-Conduit Voltage , 

Conductor-to-Conductor and Conductor-to-Conduit Induced Voltages. 
£:ran JO Foot Two Inch Rigid Conduit System Cohtaini,ng One Foot 
of' Flexible . Corrugated stainless Steel Tubing. 
Applied Pulse Current~ 1420 amperes 



--------- -



j 
• 



) 

FIGURE 24 
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5 V/DJ.V i. 0 µs/DJ.V . 

~. Conduct or -t o-Conductor Voltage 

B, Conductor-t o-Conduit Volt age 
... .. 

Conductor-to-Conductor and' Conductor.:.to-Conduit Induced Voltagt,s 
on Conductors in 25 Feet of standard Grade Flexible Conduit, , 
,Applied Pulse C~rrent - 1420 amperes 

--,_,,....,. _ _,, ______ ---=---------- -- - -•----•c• 
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O. 5 V/D'IV 1 µs/DIV 

A. Conductor-t o-Conductor Voltage 

B. Conductor-to-Conduit Voltage 

Conductor-to-Conductor and Conductor-to-Conduit Induced Voltages 
ori Conductors in 25 Feet of Sealtite® Flexible Conduit. 
Applied Pulse Current - 1420 amperes 

--------~-------
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Genera:tor End 

2 

J' 

- 6:i. -

g _____ ,__ __ __, 

Test Connection 1: 
Generator End - Neutra;L ground wire (4) connect-ed to armor (8). 
Measurement End - All conductors isolated. 

l 

. '-' --2 

'""-"'-,,-~"'--------' L.------'!:l!l~-!...r- J 

Test Connection 2: 

1 . 

Generator End - Conductor shields (;,6, 7) an4 neutral wire (4) connected 
to armor (8). 

Measurement End - Phase conductors (l,2,3), shields (5,6,7), and neutral 
wire (4) isolated. 

8---------
Test Connection 3: ;:-

I 
' 

Generator End - All conductors connected to armor. 
Measurement End - Phase c;onductors (1,2,3) and Jieutral wtre (4) isolated; 

shields (5,6,7) connected to armor (8). 
Generator 

J 

Test Connection 4: 
Generator End - All conductors connected to &J'Dl()r. 
Measurement End - Phase conductors (l,2,3) isolated; shields 

neutral wire (4) connected to armor (8). 
(5,6,7) and 

FIGURE 27 Test Connections tor Armored ~Ol(er Cable Injected Ctll'rent Tests 
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Neµtral Wires-t o-Armor Induced Voltage ' 
P.Jlse Current - 1420 Ampe.res 
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1,' 
1.Neutral Wire-to-Armor Induced Voltage (4-8) 

• 1, ' 

·A~plied Pulse Current - 1420 Amperes 
T~st ocfnd:t:tion 2 ' 

., , 



Phase Conductor-to-Armor Induced Voltage 
Applied Pulse Current - 1420 Amperes 
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5 V/DIV 10 µs/DIV 

5 V/DIV 100 µs/DIV 

Shield-to-Armor Induced Voltage (5-8) - Test Co~ttion 2 
Applied Pulse Current - 1420 Amperes 
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' ' Phase Conductor-to-Shield Induced Voltage (l ·•., ~)1 -
Test Condition 2. Applied Pulse Current - 1420 ~res · 





'FIGURE 34 
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5 V/DD! 1 µs/DD! 

5 V/DD! 100 µs/ DD! 

Neutral Wi re -to-Armor Induced Voltage (4-8) - Test Condition J 
~pplied Pulse .Current - 1420 Amperes 



'Phase Cond~~tor-to-Armor Induced Voltage 
T,est Condition J. .(tpplied Pulse Current 
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Test Condition 4. 
Applied Pulse Current - 1420 Amperes 
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APPENDIX 

Quasi Unit Function current Wave Injection 

·During the injected current experiments on two inch rigid steel conduit, 

an induced voltage wave · shape was meaSU,l'ed which appeared as f'ollows: 

Q) ' 

1 µsec 3500 µsec 
Time 

That is, two voltage peaks occurred, the first being produced by the mag­

netic flux leaking into the conduit and linking the conductor within at 

such places as Joints, bends, etc. The second peak occurred at a time which 

was long compared to the time ot occurrence of the applied current wave. 

This indicates that the conduit itself' has a long time response character­

istic. 

To evaluate the response ot the conduit by application of' a quasi unit 

function, the JO toot conduit system as shovn in Figure Jb. of' this report 

was set . up. The generator was disconnected and a 12 volt battery through 

an external series resistance connected to the conduit. This generated an 

80 x • microsecond wave. The conductor within the conduit was electrically 

. connected to the conduit at the battery end. Induced voltage measurements 

were made at the ground end of the conduit across a 75 A measuring impedance 

' between conductor and grouJld. The applied current and induced voltage wave 

• >, .... .- . . . -- . 
•- -- ·-

....... 
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2 Appendix 

shapes are shown in Figure Al. Nate that the induced voltage at the time 

the applied current has reached c];'eat is ~ 2. 5~ ot its final value. The 

fir.al IR induced voltage value is rear.bed '(hen the c~nt Qensity through 

the conduit wall becanes uniform which is atter about 20 milliseconds. This 

is considerably greater than the 3~ 5 milliseconds measured £01• the injected 

current short time pulse conditions. This certai~ suggests that the cur­

rent density through the cylinder wall is tar t'rClll unitorm when the .). 5 

millisecond pulse appears. 

The crest value ot the induced voltage reaches approximate].J 29 milli­

volts. Us_ing the applied current ot 15.8 amperes, the transter impedance 

calculates to be 0.00184 ohm. The conduit system do reaistanQe measured 

0.00218 ohm. 

Theory is presented in the next sect ion. 

Theory 

It a step tunction of current enters one enr, of a cylilldl. ~cal cQnductor 

whose length is 1011g _comp&red to its diameter so that end etfeats can be 

neglected, the current will initia~ all be acmtined to the outer surtace. 

~ time goes on, the current will ditt'use inward and eventually an equili­

brium condition will be reached at which time 1;he c~nt density throughout 

the wall thickness ot the cylinder will be uniform. 

Likewise, the magnetic tlux will initialq all be external to the cylin­

der. As the current dittuae1 through the. wall ot the cylin<Ier, a magnetic 

field will also diffuse througll the cylinder. When equilibriwn conditions 

have been reached, the magnetic nux density will vary 11near]3 t'ran zero at 

the inner surface to a maximuJJ at the outer aurta~e. 

It a conductor is placed in the center ot the cylinder and is connected 

to the ungrounded end of the cylinder, a voltqe will be ~eveloped between 

that end and the ground encl of the cylinder. As shown in Figure A2, this 

voltage may be found by integrating the electric potential alcmc either the 

• 

,.. 

I 



I 

.. 

' 

. 

' 

Appendix, J 

path ABCD or ABCEF. Ir one integrates along .the path ABCD, one finds the 

voltage V AD to be initial'.cy zero. This is to be expected since the mag­

netic fields initial~ f'orce all the current to f'lov on the exterio~ sur-­

f'ace of' the cylinder . and, t~rerore, path ABCD. encloses no -t'lux. This is . 

the _ phenaDena or skin ef'teot. The current density at the inner surface is 

thus, initial~ zero. 

As the current dif'tu.ses into the cylinder wall, the current density at 

various times will probab'.cy appear about as shown in Figure AJ. The current 

density is initial~ intinite and conf'ined to an . infinitesimal~ thin shell. 

For a f'inal condition the current density will be unif'orm through~t the 

wall thickness. At aey time the area under the current density curve must 
equal the total input current. 

The current density at the inner wal,l will increase in the manner shown 

in Figure A4. Since the current density is asswned unif'orm over the length 

of' the cyiinder · (end etrects being mgligible or ignored), the voltage V AD 

will be, 

V AD • J.r, J p d-l a J pt 
o rl rl · 

where J • the current density at ~ time (t) 
rl 

p • the resistivity or the cylindrical conductor 

.C. • the total length of' the cylinder 

The voltage . (V AD) wave shape will be the a.ame aa the wave shape or the 

current density at the inner wall aurtace.-

For a final value of' current density 

J • I 
rl I 

where I = the total current 

A • the orQSa-sectional area 

, ... 
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The final value of ,vAD then becanes 

. I 
VA!) • Jr pt • A 

RX A ···· ··· ·· 
• .-....... • .(, • IR 

,(, 

If one evaluates V AD by following the path ABCEF, the voltage induced 

by the flux buildup ·in the cylinder wall must be included. V ABCEF is thus, 

VAF • J p.(, - ~ 
r2 dt 

The flux within the loo~ ABCEF will have the time history s~own in 

Figure A5 and will reach a t'inal Umiting value. The time derivative of the 

flux (~) will start at · int'inity and decay to zero. The term Jr2 pl will 

start at infinity (since Jr.2 is initiai~ infinite) and decay as the time 

history shown in Figure A6 to the limiting value 

J • I/A 
The net voltage is thus initially int'inity minus Winity which for this 

case turns out to be zero. V AF' which is the difference ot the Jr 2 pl and 

d~/dt terms will have the same wave form with respect to time as that of Jr1 
ot Figure A4. 

The anaqtical expressions tor this wave form have not yet been evalu­

ated, but certain camaents can be made. The wave form ot the voltage VAD in 

response to a step current excitation will be similar to an RC exponential 

charging curve or, more nearly, to a canplementary error tunction (erfc) 

wave form. 

According to Witt, the time cQnStant of the buildup ot voltage in a 

solid coaxial shunt will be approximately 

where 
6 • wall thickness in meters 

p • resistivity i,n ohm-meters 

µ0 • permeability of tree space 

• 
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The time constant thus varies with the square of the wall thickness or the 
cylinder, inversely with the resistivity or the material, and linearly with 
the permeability. Witt's derivation was.for a nonmagnetic cylinder and, if 
the cylinder was or a magnetic material, the equation would be 

where µr • relative permeability (a dimensionless number) 

Limitations or Theory 

The theory given assumes the magnetic fields inside the inner wall ot 
the cylinder to be zero. This can only occur when: 1) the cylinder is round, 
straight, and long enough so that end effects can be ignored, 2) there are 
no current carrying members inside the cylinder, and J) there are no joints 
or holes through which magnetic tlux can leak inside. 

Corners, ends, and wiring fixtures obviously do not tall into this 
category. In practice bends should be made as smoothly and with as long a 

radius as possible. Long conduit runs in practice will tall into the cate­
gory of' being long enough to ignore end effects. 

Current flow in conductors inside the conduit can probably be ignored 
since tor aey practical value ot terminal impedance the current that might 
flow in the center conductor will be negligible canpared to that flowing in 
the conduit. Only cv.rrent injected onto the conductors trom sane other 
source than the IR (ct· IZ) drop along the conduit will be important and that 
is another problem e1:i-tirely. 

Flux leakage through poorly made Joints or through poorly titting 

covers is likely to override all bend, end, or conduit shape ett'ects. With 
aey kind or caretul workmanship it would seem that induced voltages due to 

such f'lux leaks should not exceed the IRoc drop along the conduit. 
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FIGURE Al . 

(Applied Current) 

Comparison of Applied Quasi-Unit Function Current 
to JO Foot Conduit System and Resulting Induced 
Conductor-to-Conduit Voltage. on onductor within 
Conduit . Applied Current Peak - 15.8 amperes 

(Conductor to Ground Voltage ) 
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FIGURE A2. Idealimed Conduit and Inner Oonduotor 

. -...._ -- . ....... - -~ ... - ....._ -..- . - ... .. - . - - --



8 Appendix 

r2 
Outside wall 

FIGURE AJ, 
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l 
Inside Wall 

Probable Current Density in Cylinder 
Wall at Various Times 
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J • I/A 

Time 
FIGURE A4. Cui,z,nt DenaitJ at ~r Wa~i 

FIGURE A5 • Pl.we w~thin the Cylinder Time 

J "' ? A 

FIGURE A6, Current at Outer Wall Time 
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